Structural equation modeling is a statistical method for partitioning the variance in a set of interrelated multivariate outcomes into that which is due to direct, indirect, and covariate (exogenous) effects. Despite this model's flexibility to handle different experimental designs, postulation of a causal chain among the endogenous variables and the points of influence of the covariates is required. This has motivated the researchers at the University of Cincinnati Department of Environmental Health to be guided by a theoretical model for movement of lead from distal sources (exterior soil or dust and paint lead) to proximal sources (interior dust lead) and then finally to biologic outcomes (handwipe and blood lead). The question of whether a single structural equation model built from proximity arguments can be applied to diverse populations observed in different communities with varying lead amounts, sources, and bioavailabilities is addressed in this article. This reanalysis involved data from 1855 children less than 72 months of age enrolled in 11 studies performed over approximately 15 years. Data from children residing near former ore-processing sites were included in this reanalysis. A single model adequately fit the data from these 11 studies; however, the model needs to be flexible to include pathways that are not frequently observed. As expected, the more proximal sources of interior dust lead and handwipe lead were the most important predictors of blood lead; soil lead often had a number of indirect influences. A limited number of covariates were also isolated as usually affecting the endogenous lead variables. The blood lead levels surveyed at the ore-processing sites were comparable to and actually somewhat lower than those reported in the the Third National Health and Nutrition Examination Survey. Lessened bioavailabilty of the lead at certain of these sites is a probable reason for this finding.
outcomes between that which is caused by a direct influence (i.e., not mediated by other variables in the model) and that which is related through one or more indirect pathways (i.e., mediated by at least one other variable in the model). The structural equation approach allows researchers to postulate richer and more realistic models of environmental exposure, as not every possible predictor must be specified to have a direct influence on the final outcome (e.g., a measure of internal exposure such as children's measured blood lead).
These models are specified in a manner similar to ordinary regression models. However, because an entire causal chain of events or outcomes must be specified, additional thought must be given to the order in which these events take place (as reflected in changes/differences in the measured variables). In the models fit by researchers at the University of Cincinnati, the postulated chain of events is that of movement of lead from paint and soil to dust on floors (and/or other surfaces), to children's hands (and/or toys), and finally to their blood ( Figure 1 ). The model shown in Figure 1 is a theoretical model that has served to guide the various statistical analyses. The direction of causality, of necessity, is imposed on the model's pathways, much as independent variables are chosen to be predictors of dependent variables, which are the outcome variables used in both a structural equation or a multiple regression analysis. Choice of the direction of causality may be made in terms of one or more considerations, including timing of events (antecedents are expected to predict future outcomes), proximity (the model is built from distal to proximal sources or biologic outcomes), and amount of contamination (a sampled media with larger amounts of lead might be expected to contaminate a sampled media that demonstrated a lesser amount of lead). The cross-sectional model shown in Figure 1 was built primarily on proximity arguments. Site-specific differences (e.g., in the bioavailabilty of lead, the general condition of the housing stock, the amount of groundcover, or the type of soil) also have introduced variability into the relative contributions that each of these sources makes to predicting a child's blood lead.
In addition to the pathways between the lead sources and the outcome (3, 4) . A cross-sectional sample of children that maximized the amount of nonmissing data and minimized the lag time between the measurement of the children's blood lead and the measurement of the lead associated with their residences was chosen for the purpose of this reanalysis.
The Cincinnati soil lead abatement project focused on lead exposure reduction in families residing in inner city apartment buildings that had been renovated and contained little or no lead-based paint. Primary sources of exposure were high levels of lead in street dust and soil in vacant lots and playgrounds (5-7). Only preintervention data collected for this study were used in this reanalysis.
Leadville, Colorado, population 3800, was home to very extensive lead mining, milling, and smelting operations. Most mines and smelters closed by 1970 . One mine and mill remain in operation. Leadbased paint is a major source of exposure in over half the housing (8) .
Magna, Utah, is located just south of a 6000-acre tailings pond and downwind from a very large active copper smelter about 15 miles west of Salt Lake City. Residential soils in a 15-square-block, lowincome neighborhood closest to the smelter were evaluated and found to have acceptably low levels of lead. However, lead-based residential paint posed a considerable concern (9) .
Midvale, Utah, population 12,000, is located about 12 miles south of Salt Lake City. It was home to a zinc/lead mill and smelter. The smelter closed in the mid1950s and the mill ceased operation in the early 1970s. Residential soils contained high levels of zinc and lead. Homes built prior to 1950 contain high levels of lead in paint (10, 11) .
Palmerton, Pennsylvania, population 5400, is located about 100 miles northwest of Philadelphia. A large zinc smelter with plant sites on each side of the town operated for over 75 years in this valley. Residential soils contain high levels of lead and cadmium (12) .
Sandy, Utah, historic community about 15 miles south of Salt Lake City, was the site of several lead smelters at the turn of the century. Residential soils in a 15-square-block area around these former smelters contain lead and arsenic. Housing is old but well maintained (13) .
Telluride, Colorado, population 1200, was a silver and lead mining and milling community at the turn of the century.
Operations ceased in 1977. Old housing contains considerable quantities of leadbased paint (14, 15 The generic model for pathways from lead sources to children's blood leads ( Figure 1 ) was applied to data from each of the 11 studies as closely as possible. Not all data were collected at all sites (e.g., handwipe lead), and the questionnaires used for collecting much of the covariate information did not become completely standardized until the later field studies undertaken in the western United States. Thus, some variables were not measured at certain sites.
In the analyses of each community's data, a strategy of backward elimination of Figure 2 , which depicts the relative importance of each of the postulated pathways by arrows of various widths (no arrow is shown for a pathway that was never found to be significant).
The results shown in Table 3 and Figure 2 address the extent to which the various pathways postulated to exist by the theoretical structural equation model can be generalized to other sites. The strength of the individual pathways to affect blood lead can be demonstrated by estimating the simple regression relationship between the geometric mean blood lead and the geometric mean environmental lead, as observed from the data collected within each study. The results of this approach are summarized in Table 4 . The strongest relationships were observed between blood lead and interior floor dust lead loading (R2 = 0.96, after excluding the Cincinnati, Ohio, soil lead abatement project and Trail, British Columbia, which were outliers) or handwipe lead (R2 = 0 .90); the weakest were between blood lead and exterior or interior paint lead (R2= 0.07). The regression models also predict that increasing exposure to lead is associated with elevated blood lead levels. If these models indeed reflect causal relationships, then diminishing the amount of lead in the environment will result in a lesser lead burden for children who, in the future, reside in these environments. The model for estimating blood lead from handwipe lead predicts that children whose handwipe lead differs by about 9 pg (from 10-1 pg) have a reduced blood lead of about 14 pg/dl (from approximately 15-1 pg/dl). Somewhat smaller reductions in blood lead would be expected for differences in dust lead or soil lead concentrations of 1000 ppm, from 1 100 to 100 ppm (ranging between 6.5 pg/dl for dust and 2.2 pg/dl for soil); for differences in floor dust lead loadings of about 1000 jig/m2, from 1100 to 100 pg/mi2 (approximately a 9.0 pg/dl decrease); or for a difference in paint lead of about 2.5 mg/cm2, from 3.0 to 0.5 mg/cm2 (ranging between 2.1 pg/dl for interior paint lead and 1.3 pg/dl for exterior paint lead).
For comparison, a linear regression model was estimated for predicting each site's arithmetic mean blood lead from the arithmetic mean environmental lead. These results are shown in Table 5 . The fit of the "These are simple relationships unadjusted for covariates. bPredicted decline in blood lead for a reduction in hand lead of 10-1 pg; dust lead loading of 1100 to 100 pg/mi2; dust lead or soil lead concentration of 1100-100 ppm; or paint lead loading of 3.0-0.5 mg/cm2, as calculated from the fitted linear regression equation: /n)blood lead) = intercept + slope x /n(environmental lead). cExcluding the Trail and Cincinnati soil project studies, which appear to be outliers. The exposure in these two studies appears to be primarily from exterior dust lead. In summary, the modeling technique used to fit the data collected in these studies provides an empirical method for predicting community lead exposure levels and the inherent variability about these levels. The accuracy of these predictions is crucial, not only because of scientific interest and medical concern, but also because such expectations often serve as the basis for regulation of lead levels in the environment.
Conclusions
The statistical technique of structural equation analysis is an extremely flexible method that may be used to model environmental source data linkages with human population exposure. Although a good deal of variability has been observed in lead exposure data collected at various former ore-processing and urban sites, the structural equation models tailored to each locale were similar to one another. These results occurred despite low levels of lead in blood at the ore-processing sites and obvious source and population differences. In conclusion, the technique of structural equation modeling is a powerful tool for helping resolve the complicated interactions between contamination in the environment and human uptake of these pollutants.
